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case-control studies; control group; control selection; dead controls; deceased controls; postmortem controls Epidemiologic research seeks to improve population health outcomes by examining the distribution and determinants of disease and injury based on the variables of person, place, and time (1, 2) . This process enables better understanding of health and generates vital information for the development of appropriate interventions to improve health outcomes. An important principle of both observational and interventional study designs is to ensure unbiased comparisons between a group with and a group without exposure to a condition of interest (3) . The impact of biased comparisons are results which either under-or overestimate the risk of adverse health outcomes in the population (2) . This misleading information can hinder appropriate prioritization of resources and allocation of funding to improve health and safety (4) , and it delays the discovery of effective preventive measures and treatments.
Identification of an appropriate comparison group is one of the most challenging aspects of designing an epidemiologic study, particularly for case-control studies (5) . To assist researchers in making informed decisions, Wacholder (6) clearly described 4 key principles of control selection: study base, comparable accuracy, deconfounding, and efficiency. In summary of these principles, a control group should be representative of the population from which cases were drawn; the degree of accuracy in measuring the exposure of interest should be the same for both cases and controls; comparisons of the effect of levels of exposure on disease risk should not be distorted by the effects of other factors; and controls should enable researchers to learn as much as possible about the disease of interest within their fixed time and resource constraints.
Selection of an appropriate control group is especially problematic when investigating mortality, including death from unnatural (also called external) causes (7) , where the cases themselves are deceased. A number of sources of controls can be drawn upon depending on the nature of the research question, including population controls, neighborhood controls, hospital or registry controls, medical practice controls, friend or relative controls, cancer controls, and deceased controls (8, 9) . Although the overwhelming majority of casecontrol studies use living controls, the use of deceased controls may be considered appropriate in some circumstances, particularly if the cases under investigation are also deceased (9) (10) (11) .
Discussing the appropriateness of using deceased controls, Gordis (12) argued that using deceased controls as a comparison for deceased cases effectively matches on the variable of death and theoretically introduces bias to the study. Gordis called for further research to clarify the type and direction of bias likely to be introduced and whether deceased controls should be matched to deceased cases. This commentary initiated a succession of responses and research on this contentious issue, with 10 articles published between 1982 and 2003 debating the merits and limitations of using deceased controls ( Table 1 ). The general consensus from these articles seems to be that the use of deceased controls is likely to introduce bias and should be avoided in most study scenarios but that, depending on the research question and study population, there may be times when deceased controls are the most appropriate and logical choice. Much of our current knowledge on this issue is based on these commentary articles and results from individual studies, yet there has been little published academic commentary on the issue in the intervening years. A more contemporary and systematic approach is required to clarify in what circumstances deceased persons are considered an appropriate control group.
The aim of this systematic review was to identify and examine published epidemiologic research using a deceased control group to describe the nature of empirical research using deceased controls, the manner in which deceased controls were used, the rationale for use of a deceased control group, the application of the principles of control selection, and a discussion of the use of deceased controls.
METHODS

Search strategy
The literature search was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and MetaAnalyses (PRISMA) Statement (13) (Web Table 1 , available at https://academic.oup.com/aje). Five major databases containing (12) argued that using deceased controls for deceased cases is effectively matching on the variable of death and is likely to introduce bias.
1983 Kraus (45) responded in a letter to the editor and posed the question of what is an appropriate control group for a study in which cases of disease exist only in the form of deaths (e.g., SIDS), and neither living controls or deceased controls are necessarily representative of or comparable with cases.
1984 Calle (46) aimed to determine whether the use of deceased controls would produce a biased odds ratio by comparing the mortality odds ratio obtained from a deceased control series with that obtained from live controls as estimators of the mortality rate ratio. The results showed that for the most part the use of deceased controls resulted in a biased odds ratio. However, if the prevalence of the disease under study is small and if mortality from other causes (for which controls are selected) is approximately equal in the exposed and the unexposed, both odds ratios for living controls and odds ratios for deceased controls can provide adequate estimates of mortality rate ratio.
1985 McLaughlin et al. (31) published 2 articles examining the influence of the source of controls in a population based case-control study that used both living and deceased controls. The first suggested that deceased controls were generally less healthy than living controls, and it was concluded that when using deceased controls, caution should be taken in interpreting the odds ratios for variables associated with premature mortality.
The second article by McLaughlin et al. (32) examined the effects of excluding individuals with certain causes of death from the pool of deceased controls, where the cause of death was associated with an exposure of interest. The researchers found that for particular exposures such as cigarette smoking, bias will still exist even when associated causes of death are excluded (e.g., lung cancer) from the control group. However, for other exposures such as certain adulthood diseases, medications, and alcoholic beverages, excluding causes of death associated with these exposures may be useful in reducing bias.
Mundt (47) responded to McLaughlin et al. (31) with several questions about the differences in exposure status of deceased controls of different ages and argued that it may be premature to assume that use of deceased controls will result in overestimation of certain exposures.
McLaughlin et al. (38) provided additional age-stratified data but maintained that the use of deceased controls will likely result in overestimation for cigarette smoking and similar exposures. McLaughlin et al. concluded that "as with hospital controls, deceased controls can be useful in epidemiologic studies of cancer and other diseases, but proper consideration must be given to their appropriateness for each of the risk factors of interest in the investigation".
1991 Howe (10) provided further commentary, arguing that deceased controls are appropriate if the purpose of the case-control study is to measure confounding, as the issue of bias arising from the cause of death of controls is irrelevant.
1992 Wacholder (9) weighed in on the argument with the second of 3 articles examining 1) principles of control selection, 2) types of controls, and 3) design options. The central argument was that deceased controls may not have the same distribution of exposure variables as the base population. This is particularly true for variables such as tobacco use and alcohol consumption, even after deaths from causes believed to be associated with these exposures are excluded from the control pool. Due to their widespread use and gradual yet negative health effects, many people who die of seemingly unrelated causes may have had a high intake of tobacco and/or alcohol.
2003 Wiebe and Branas (48) discussed the impact of using deceased controls in a study on handgun purchase as a risk factor for violent death. They warned injury epidemiologists of a source of bias known as "the healthy handgun purchaser effect." That is, the death rate due to the comparison cause(s) (e.g., heart disease) is not the same in the exposed and unexposed populations (those who do and do not purchase handguns). Even when certain causes of death are excluded, bias could still exist if handgun purchasers were more or less healthy than nonpurchasers. Wiebe and Branas argue that the inclusion of seemingly unrelated causes of death in the control group can bias the results, leading to overestimation or underestimation of the effect of handgun purchase on violent death.
medical and scientific epidemiologic research (MEDLINE, CINAHL, PsycINFO, Scopus, and EMBASE) were searched using combinations and variations of the following key search terms: dead, deceased, decedent, post-mortem, or autopsy AND controls, comparison, referent, or reference (Web Table 2 ).
Eligibility criteria
This study comprised a systematic review of published research studies that employed a deceased control group. The eligibility criteria were that the articles were published in English in a peer-reviewed journal between January 1, 1949, and September 15, 2015.
Results were exported into Endnote X5 software (Thomson Reuters, Toronto, Canada). Duplicates were removed using a standard function before each entry was screened for eligibility, initially by title and abstract, then by full text (B.M.). Records were excluded if they were duplicates, did not involve human subjects, did not include a deceased control group or discussion of deceased controls, or if the publication type was an address, bibliography, biography, case report, conference abstract, festschrift, guideline, historical article, tutorial, interview, patient education handout, or portrait. Other relevant articles were identified via bibliographic review of included articles. The final selection of included articles was made by consensus between B.M. and J.E.I. (Figure 1 ).
Data extraction
Data items were extracted and recorded in an Excel spreadsheet (Microsoft Corporation, Redmond, Washington). Information of interest comprised the author name(s), date of publication, country, aim, study design, disease/injury under investigation, exposures, measure of disease under investigation, case sample, control sample, rationale for control selection, application of principles of control selection, and discussion of the use of deceased controls. Coding decisions were made by agreement between 2 of the investigators (B.M. and C.K.).
Data analysis
The studies were categorized into 3 major groups based on their use of deceased controls (Figure 2 ). Due to the diverse methodologies and subject matter of the studies included in this review it was necessary to group them in order to ease analysis. This is not a theoretical construct but merely a tool for descriptive analysis. Group 1 consisted of studies using a single control group of deceased persons for nonbiological research purposes; group 2 consisted of studies using a single control group of deceased persons primarily as a source of biological specimens (henceforth referred to as biological controls); and group 3 consisted of studies using multiple control groups of both living and deceased persons.
Quality assessment was conducted on studies in group 1 (Web Table 3 ) only. This was determined to be the logical choice to gain an indication of the quality of studies using deceased controls, because it represents the group of primary interest with the clearest design and single objective of comparing deceased controls with deceased cases. We used a modified quality assessment tool developed by the National Heart, Lung, and Blood Institute (http://www.nhlbi.nih.gov/ health-pro/guidelines/in-develop/cardiovascular-risk-reduction/ tools/case-control).
RESULTS
Overview
The database search yielded 1,348 results, of which 134 articles were eligible for inclusion ( Figure 1 ). The date of publication of studies using deceased controls ranged from 1978 (14, 15) to 2015 (16, 17) , with the majority of articles (n = 95; 70.9%) published since the median year 1996. Studies were most frequently conducted in the United States (n = 49; 36.6%), in Europe (n = 39; 29.1%), and in the United Kingdom (n = 24; 17.9%). Over half of the studies employed a standard case-control design (n = 75; 56.0%), and over one-third employed a matched case-control design (n = 49; 36.6%).
The type of health outcomes and exposures under investigation varied significantly across studies (see Table 2 and mortality (n = 22; 16.4%). Studies most commonly aimed to measure disease incidence or prevalence (n = 64; 47.8%), followed by disease mortality (n = 55; 41.0%), while a small number aimed to examine diagnosis of disease (n = 15; 11.2%). Investigators explicitly presented their rationale for control selection in only a small number of studies (n = 25; 18.7%). A review of each study was conducted to assess whether the principles of control selection had been observed in the design and execution of the study. Among studies using deceased controls, the comparable accuracy principle was most frequently observed (n = 92; 68.7%), followed by the study base principle (n = 72; 53.7%), deconfounding (n = 49; 36.6%), and efficiency (n = 45; 33.6%).
Approximately one-third of studies (n = 49; 36.6%) discussed the issue of control selection in detail. This included discussion of the limitations (n = 41; 30.6%), strengths (n = 41; 30.6%), and impact on results (n = 27; 20.1%) of using deceased controls, and strategies for bias minimization (n = 23; 17.2%) ( Table 5 ).
To examine changes over time in epidemiologic practice, articles published prior to 2003 (n = 66) were compared with articles published from 2003 onward (n = 68). There has been an overall decrease in observation of principles of control selection and reporting of methodological issues associated with the use of deceased controls since 2003. While observation of the comparable accuracy principle has remained relatively consistent (with only a 2.0% decrease since 2003), observation of the study base, deconfounding, and efficiency principles have decreased substantially (by 16.5%, 20.5%, and 20.4% respectively). In addition, discussion of the impact of using deceased controls on study findings has decreased by 14.0%, and presentation of bias minimization strategies has decreased by 11.0%.
Overall, the majority of studies (n = 95; 70.9%) employed deceased controls for comparison with a group of deceased cases ( Figure 2 ). Over two-thirds of studies employed a single control group of deceased persons (n = 93; 69.4%), while the remaining third (n = 41; 30.6%) employed multiple control groups of both living and deceased persons. The 134 studies were classified into 3 groups based on their use of deceased controls (group 1: n = 34; group 2: n = 59; group 3: n = 41).
Group 1: studies using a single control group of deceased persons for nonbiological research
The first group of studies (Table 2 ) employed a single group of deceased controls primarily for comparison with deceased cases for nonbiological research purposes (n = 34; 25.4%). The most common health outcomes being investigated were cancers (n = 12; 35.3%) and injury and other external causes (n = 10; 29.4%). The majority of studies in this group examined disease mortality (n = 22/34; 64.7%), while 9 studies (26.5%) examined disease incidence, and 3 studies (8.8%) examined diagnostic techniques. Almost all studies in this group involved deceased cases (n = 31; 91.2%).
The rationale for control selection was explicitly presented in only 9 articles (26.5%). The most common reasons were comparability of information (either in terms of the information generated from similar death investigation processes The Use of Deceased Controls: A Systematic Review 371 (7, 18, 19) or reducing recall bias associated with using proxy respondents (20) (21) (22) (23) ) and efficiency of the study process within the budget, resource, and time constraints of the researchers (7, 24) . Among the studies in group 1, the most common principle of control selection to be observed was comparable accuracy (n = 30; 88.2%), followed by study base (n = 25; 73.5%), deconfounding (n = 18; 52.9%), and efficiency (n = 11; 32.4%). Just over half the studies in this group discussed the issue of control selection (n = 18; 52.9%). This most frequently involved discussion of the limitations of using deceased controls (n = 12; 35.3%).
The majority of studies in this group (n = 25; 73.5%) scored 8 or above on the quality assessment tool based on 12 criteria, while the remaining 9 studies (26.5%) scored 7 or below. The median score for quality assessment was 8, slightly above average.
Group 2: studies using a single control group of deceased persons as a source of biological specimens Group 2 (Table 3 ) used biological controls (deceased controls as a source of biological specimens) for comparison with deceased and living cases (n = 59; 44.0%). The most common diseases or injuries being investigated were nervous system diseases (n = 19; 32.2%) and musculoskeletal diseases (n = 9; 15.3%). The majority of studies in this group examined disease incidence or prevalence (n = 37; 62.7%), a For this measure, we used a modified quality assessment tool developed by the National Heart, Lung, and Blood Institute (http://www.nhlbi.nih. gov/health-pro/guidelines/in-develop/cardiovascular-risk-reduction/tools/case-control). while the remaining studies examined disease mortality (n = 11; 18.6%) and diagnosis of disease (n = 11; 18.6%). In approximately half the studies (n = 29; 49.2%) in this group, biological controls were compared with a single group of deceased cases. In another 28 studies (47.5%), biological controls were compared with a single group of live cases, and in 2 studies (3.4%) biological controls were compared with both living and deceased cases. The rationale for using deceased controls was explicitly presented in only 2 studies in this group and included the lack of control tissue available from other sources (25) , and that, due to rapid biological changes after death, deceased cases required comparison with deceased controls (26) .
The comparable accuracy principle was also the most frequently observed among studies in group 2 (n = 30; 50.8%). Only 7 studies (11.9%) in this group discussed the use of deceased controls, all of which acknowledged the limitations of using deceased controls.
Group 3: studies using multiple control groups (living and deceased persons) Group 3 (Table 4 ) used multiple groups of both living and deceased controls for comparison with living and deceased cases (n = 41; 30.6%). The most common diseases or injuries being investigated were cancers (n = 13; 31.7%) and sudden unexpected deaths (n = 6; 14.6%). Over half the studies in this group were of disease mortality (n = 22; 53.7%), while 18 studies addressed disease incidence or prevalence (n = 18; 43.9%), and 1 study (2.4%) examined diagnosis of the disease. Among the 41 studies using multiple control groups, 8 (19.5%) involved living cases only, 17 (41.5%) involved both living and deceased cases, and 16 (39.0%) involved deceased cases only.
In just over one-third of studies in group 3, investigators explicitly presented their rationale for control selection (n = 14; 34.1%). The most common reason cited for using both a living and deceased control group was to counteract bias associated with each type of control for particular exposures (27) (28) (29) (30) . Other common reasons included the determination of the appropriateness of using deceased controls (31, 32) , testing the influence of certain exposures on the outcome, and testing the validity of findings using a single control group (33, 34) . The most frequently observed principles of control selection in group 3 studies were comparable accuracy (n = 32; 78.0%) and study base (n = 29; 70.7%). The efficiency principle was also observed in over half the studies (n = 21; 51.2%).
The majority of studies in this group did include discussions of the issue of control selection (n = 24; 58.5%). This most frequently involved acknowledgement of the limitations of deceased controls (n = 22; 53.7%) as well as the impact on the results of the study from using deceased controls (n = 16; 39.0%).
DISCUSSION
This review identified 134 peer-reviewed journal articles describing epidemiologic research studies using a deceased control group, confirming that deceased controls have been and are still being used in epidemiologic research to investigate a range of health outcomes. The majority of studies that involved deceased controls were published in the last 20 years (since 1996). Although this likely reflects the overall increase in published journal articles available online (35) , it also confirms that deceased controls are actively used in epidemiologic research.
The most common disease under investigation in studies using deceased controls was cancer. The discussion of an appropriate source of controls for cancer cases (including hospital controls (36) , cancer controls (37) , and deceased controls (31)) has received much attention in the research literature. This is primarily because exposures such as smoking and alcohol consumption, which are often associated with increased risk of various cancers, are also associated with generally poorer health.
These exposures are therefore likely to be prevalent in controls sourced from hospital, cancer, or death registries. McLaughlin et al. (38, p. 1108 ) aptly concluded that "as with hospital controls, deceased controls can be useful in epidemiologic studies of cancer and other diseases, but proper consideration must be given to their appropriateness for each of the risk factors of interest in the investigation."
The most common injury-related outcome under investigation in studies using deceased controls was suicide. These studies were perhaps most likely of all to discuss the rationale for using deceased controls due to the unique nature of the cases under investigation. This mostly related to the decision to use unintentional injury deaths as a comparison group for suicides in 2 scenarios: first when using medicolegal records as a data source, because both types of death induce investigations of similar nature and intensity (7, 18, 19) , and second when using proxy respondents, because both suicide and unintentional injury deaths are considered sudden and unexpected and are likely to have a similar effect on respondents and their recall of events prior to the death (22, 23, 39) .
Deceased controls were commonly used as a single control group for comparison with a single group of deceased cases (group 1; see Table 2 ). This finding showed that deceased persons are considered a legitimate control group when investigating health outcomes using deceased cases. A quality assessment of these studies indicated that the research was generally of above-average quality. The studies were fairly consistent in that they employed a sound study design and the reporting of the method and limitations was clear and could be replicated. However, the practice of quality assessment is not infallible, so these results should be interpreted as a general guide only (40) . Common rationales for using deceased controls for deceased cases were to ensure comparability of information and efficient use of time and resources. Many of these studies used medicolegal data, such as coroner records, as a data source. Coroner records are a rich and reliable source of routinely and uniformly collected mortality data (41) , promoting efficient use of time and resources as comparable control data is already collected on variables of interest to the cases.
A large proportion of studies employed biological controls as a comparison for deceased or live cases (group 2; see Table 3 ). Tissue samples for cases in these studies were obtained postmortem or from living cases, during surgery. Obtaining tissue samples for comparison requires that controls be deceased or undergo a surgical procedure. The options may be limited if the study requires tissue samples from vital organs that cannot a There was insufficient information to determine whether the comparable accuracy principle was observed in 17 articles (12.7%). b There was insufficient information to determine whether the study base principle was observed in 30 articles (22.4%). c There was insufficient information to determine whether the deconfounding principle was observed in 20 articles (14.9%). d The number of articles that observed this principle is likely to be underestimated because efficiency is likely to inform many of the decisions of study design but is unlikely to be reported as such in publications of the results.
be obtained while the control participant is alive. Hence, deceased persons as a source of biological specimens are the most appropriate source of controls in order to conduct such research. This is perhaps why studies in this group were least likely to discuss the use of deceased controls or provide a rationale. Among the few that did, it was reiterated that deceased controls were used as source of biological specimens, such as brain or heart tissue, unlikely to be easily available from any other source (25) .
Approximately one-third of studies (group 3; Table 4 ) included in this review employed multiple control groups of living and deceased persons, an approach that poses additional methodological concerns. Many of the studies that used multiple control groups did not have well-articulated reasons. Of those that did, the most common approach was to compare living and deceased cases with living and deceased controls, which effectively seeks to answer 2 separate research questions and may lead to confusion and misinterpretation of the results if the research questions are not well-defined (42) . Another common approach was to use multiple control groups of both living and deceased persons as a comparison for a single group of deceased cases. That investigators felt the need to test the results of both control groups, suggests uncertainty in using deceased controls alone. According to Howe (10) , the latter is an appropriate use of deceased controls if the purpose of the study itself is to measure confounding, because the issue of bias arising from the cause of death of controls is irrelevant. More recent research also supports the use of multiple control groups (43) , but further discussion on this topic is outside the scope of the current review.
Strengths and limitations
To our knowledge, this is the first systematic review to examine this important epidemiologic issue in order to advance the understanding of the appropriateness of using deceased controls. Limitations of this review should be considered when interpreting the results. First, full exploration of the findings of this review was not possible. Focus was limited primarily to studies using deceased controls for comparison with deceased cases, because this is the simplest use of deceased controls with the clearest objective and study design. Second, a lack of consistency in the way research methodology is reported and described within the articles may have resulted in a degree of misclassification. Finally, because of the exclusion of grey literature, publication bias may have affected the results of this review. Due to the contentious nature of using deceased controls, researchers may be less likely to submit work for publication that does not show a significant result. In addition, peer reviewers and journal editors may be reluctant to publish work that uses a deceased control group if they believe it is not scientifically valid, regardless of the population, exposures, and outcome under study.
Implications and conclusions
We found that deceased controls are actively used in epidemiologic research to investigate an array of research questions, particularly in studies involving deceased cases. Despite generalized methodological concerns, in some cases deceased persons are the most appropriate and logical source of controls.
According to Wacholder (6) , control selection is often the result of a trade-off among 4 principles: study base, comparable accuracy, deconfounding, and efficiency. In the studies included in this review, cases were often drawn from the general population of people who had died from a particular cause (the outcome under investigation), and individuals from the general population who had died from other unrelated causes were then selected as controls. This selection appears to satisfy the study base principle in that controls were drawn from the same population as cases, and they would have been eligible to be included as cases if they had died of the disease or injury under investigation. However, this "matching on the variable of death" was the main concern expressed by Gordis (12, p. 2) with respect to using deceased controls, and there remains no clear answer as to whether or not matching deceased cases to deceased controls violates the study base principle. It is perhaps important then to consider the distinction between primary and secondary study base. Mietinnen (44) suggests that the way the study base is defined (as primary or secondary to case selection) can influence which controls become a suitable comparison group. Unfortunately, in-depth discussion of the validity of deceased controls in primary and secondary base studies is outside the scope of the current review. However, this may be an area for future research and commentary.
The comparable accuracy principle was the most frequently observed principle across the studies. This is particularly relevant for studies investigating suicide, because the degree of information obtained from medicolegal data or proxy respondents are likely to be similar for suicide and unintentional injury deaths. This is also relevant for studies examining biological specimens from deceased cases that can only be compared with biological specimens from deceased controls due to postmortem changes.
The deconfounding principle was the third most frequently observed principle of control selection and relates to one of the most common reasons multiple control groups of both living and deceased persons were used: to identify hidden bias associated with either living or deceased controls.
The efficiency principle was the least frequently observed principle of control selection across the studies; however, it is important to note that this is probably an underestimate. Considerations of efficiency are likely to inform many of the decisions of study design but are unlikely to be reported as such in the publication of results. Efficiency was likely an understated yet important reason for choosing deceased persons as a control group for studies involving deceased cases, because the time and costs of research are greatly reduced if comparable and reliable information on controls is already readily available in the form of an existing dataset. This enables researchers to uncover and disseminate important findings and inform public policy in a timely manner. However, if deceased controls are selected primarily for this reason, caution must be taken to ensure all efforts are made to minimize potential bias and maintain the scientific validity of the study.
Consideration of and close adherence to theoretical principles is a vital step in the research process, and improved reporting and discussion of key methodological issues is required to further develop and guide epidemiologic practice. The finding that observation of the theoretical principles of control selection, and discussion of methodological issues associated with the use of deceased controls, has actually decreased over time is a professional performance issue that should be highlighted to epidemiologists.
When designing a case-control study, researchers should consider the advantages and limitations of each type of control in the context of the specific research question and with reference to the 4 principles of control selection described by Wacholder (6) . Researchers should be aware of the full range of potential sources of controls and should not be required to discount deceased controls as an option before they have been able to consider the implications with respect to their own research question and available resources.
